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Genes to Cells KOMORI et al. et al., 2013) . If a given microbial population is mixed well in the absence of spatial structures, fast-growing cells with low carrying capacity would exhaust the resources and outgrow slower growing cells with high carrying capacity. That is, the slower growing cells cannot reach their carrying capacity. As a result, the carrying capacity of the population reflects that of the fastgrowing cells. In contrast, the slower growing cells can reach their carrying capacity if they are isolated spatially from the fast-growing ones by compartmentation.
However, previous evolution experiments using Escherichia coli in sugar/sugar-alcohol-limited cultures showed that the carrying capacity can improve evolutionally even in the absence of spatial structures (Fitzsimmons, Schoustra, Kerr, & Kassen, 2010; Luckinbill, 1978; Novak, Pfeiffer, Lenski, Sauer, & Bonhoeffer, 2006) . Interestingly, the carrying capacity can improve by serial transfer of the culture not only before, but also after the population reaches the carrying capacity. These experimental evidences indicate that the evolutionary trade-off between growth rate and carrying capacity in glucose utilization is surprisingly loose and that there are many mutations that allow to escape or overcome the trade-off.
In contrast, little is known about whether the lack of spatial structures can direct evolution toward high carrying capacity for other resources. Previously, we reported that the carrying capacity in histidine utilization of histidine-requiring E. coli can improve through evolution after repeated long-term histidine starvation without spatial structures . However, this evolution experiment consists of very complicated selections during extensive death phase and long-term stationary phase. For instance, our recent study found that the resources are not limited in the long-term stationary phase due to leakage from dead cells (Takano, Pawlowska, Gudelj, Yomo, & Tsuru, 2017) , implying that selections act on the other traits rather than histidine utilization. Thus, it is still unknown whether the mutations improving carrying capacity in histidine utilization are pervasive or not. In addition, it is also unclear whether evolution of the carrying capacity simply requires spatial structures or does not even need them. Thus, the importance of spatial structures in the K-strategy is still under debate, at least for resource utilization in microbes.
To address these questions, we established a simplified evolution experiment using histidine-requiring E. coli under histidine limitation. The bacterial cultures were compartmentalized into patches with different population sizes per patch. We note that this experimental design aimed the improvement of carrying capacity in a histidine-limited condition at least and did not aim to reject possible coevolution of carrying capacity in other conditions. We confirmed the importance of small population size per patch on K-strategy evolution in histidine utilization and also confirmed that intricate growth phases such as the long-term stationary phase are unnecessary. Whole genome sequencing of the K-adapted strains showed the functional variety of the mutated genes during the fitness-increasing period. These results imply both an importance of the spatial structures and loose genetic constraints for improvement of the carrying capacity in histidine utilization. We note that these mutations have a possibility to contribute improvement of the carrying capacity in other conditions because our evolution experiment was not designed for rejecting possible coevolution of carrying capacity in other conditions. Together, this study provides an empirical evidence to support that restriction of K-strategy evolution on a sort of nutrients is attributable to a paucity of appropriate selection rather than a paucity of causal mutation. F I G U R E 1 Growth characteristics of two histidine auxotrophic strains. (a) A typical growth curve of the Co his strain within a single well of a 96-welled microplate in the presence of 50 μM histidine. The maximum optical density of the growth curve is indicated by a dotted line. Growth rates were calculated from the slope of the curves at the exponentially growing phase (below half of the maximum optical density as indicated by a solid line). (b) and (c) histidine dependency of the maximum optical density (b) and the optical density at 48 hr (c) of Co his and Mut his . These strains have deletion in hisA in common. Mut his has deletion in mutS to increase mutation rate as detailed in the Section 2. (d) The relation between the maximum optical density and the optical density at 48 hr. The inset represents two strains 
| RESULTS

| Growth characteristics of a histidine auxotrophic mutator
We constructed a mutator strain, Mut his , derived from a histidine auxotrophic mutant, Co his , of E. coli (Supporting information Figure S1 ). Both strains lack the hisA gene required for histidine biosynthesis. To accelerate the evolution experiment, the mutS gene required for the mismatch repairing system was deleted for Mut his to increase the mutation rate (Supporting information Figure S2 ). First, we checked for the auxotroph of Mut his by decreasing the histidine concentration in the medium (Figure 1 ). Consistent with their common genetic design, we found both Mut his and Co his showed similar growth defects in the carrying capacity (as measured by maximum optical density) in the lower histidine concentrations (below 0.2 mM histidine in Figure 1b ). In this range, the growth rates of these strains decreased with decreasing histidine concentration . The histidine auxotrophic signature of Mut his and Co his is that it should sustain during the stationary growth phase. For instance, the optical density at 48 hr for the culture starting with a single cell of these strains (Figure 1a and c) captured the histidine dependency similar to the maximum optical density. In fact, these two indicators, maximum optical density and optical density at 48 hr, correlated with each other, and the latter was only slightly lower than the former ( Figure  1d ). These growth characteristics imply that possible mutants of the carrying capacity (K) or saturated cell density are distinguishable according to the cell density at a fixed time point at the stationary phase before a drastic decrease in optical density at the death phase. This technical benefit enables us to examine artificial selections on K-strategies without measuring the maximum optical density, which appears only at a specific and unpredictable time point in most cases. That is, measurement of the growth curve during an evolution experiment is not necessarily required.
| Serial compartmentalization with two conditions in population bottlenecks
Based on the technical benefit, we designed evolution experiments for Mut his to improve K-strategies. It is well known that K-strategies are easily interfered by r-strategies. Thus, reducing selective pressure on growth rate is crucial to facilitate evolution toward K-strategies. This requirement can be achieved by compartmentalizing cell population by some spatial structures to separate the cells taking different strategies. Here, we used a standard 96-well microplate as a container with compartments ( Figure 2 ). In brief, the selected cell cultures of Mut his were diluted and transferred to the fresh medium in wells, repeatedly. The efficiency of compartmentalization is determined by the number of transferred cells per well, the so-called population bottleneck.
The smaller the population bottleneck becomes, the more the population is compartmentalized. Adjusting dilution rates based on the cell concentrations of the selected cultures, we established two conditions, the S-and L-lineages for small (1 cells/well) and large (1,000 cells/well) population bottlenecks, respectively. Each condition has 12 independent replicative lineages distinguished by the numbers such as L1 and L2. We measured the optical density for each well of overnight grown cultures (two overnights for the S-lineages and one overnight for the L-lineages) in each round. The single patch (well) exhibiting the highest optical density among the compartmentalized cultures in each lineage was used for the next rounds.
| Impact of population bottlenecks per patch on evolutionary strategies
After 14 rounds of the evolution experiment, we tested which conditions in terms of population bottlenecks could facilitate evolution toward K-strategies. Growth curves for the propagated lineages showed that two lineages (S3 and S4) exhibited statistically significant increase in maximum optical density from the ancestor in the S-lineages (t test, FDR < 0.05, Figure 3a ). In contrast, there was no significant increase in maximum optical density for the L-lineages (t test, FDR > 0.05) even though these lineages experienced similar selection on the carrying capacity ( Figure 3b ). Failure of improvement toward K-strategies in the L-lineages could be explained by interference from the other strategies, especially r-strategies. The L-lineages have very high population bottlenecks so that cells taking different evolutionary strategies are likely to exist in the same patch. Such insufficient compartmentalization allows rapidly growing cells taking the r-strategy to outgrow the slowly growing cells taking the K-strategy in the same patch because the limited nutrient resource, that is, histidine in this study, is exhausted rapidly by the rapidly growing cells. To test this, we also measured the growth rates. As expected, many L-lineages exhibited significant increases in growth rate (t test, FDR < 0.05, Figure 4b ). In addition, there was no significant increase in the growth rate of the S-lineages (t test, FDR > 0.05, Figure 4a ). These results indicate that population bottlenecks per patch shape the evolutionary strategies between the K-and r-strategies.
| Accumulated mutations in k-strategy evolution
We explored the genomic mutations accumulated during the evolution experiments for two lineages (S3 and S4), which exhibited significant increases in the carrying capacity (Tables  1 and 2 ). Previous studies ( . This rate predicts that about 12 -88 base-pair substitutions are expected to accumulate in the genome during the evolution experiments by considering the genome size of our strain (4.0 Mbp) and the number of generations (372 and 377 generations during 14 rounds for S3 and S4, respectively). In addition, the population bottleneck is so small, a single cell, that these accumulated mutations should be fixed in a population in every round. Thus, the number of mutations fixed in a population is expected to be the same as the predicted number of accumulated mutations if the effect of selection on growth is very small. Whole genome sequencing for the populations at the final rounds showed that the number of base-pair substitutions fixed in a population during the evolution experiments was 20 and 11 for the S3 and S4 lineages, respectively. These numbers were quite consistent with the expectation, suggesting reduced selection on growth as designed in advance. We also sequenced the S3 lineage at multiple time points when the optical density at the end of each round increased as the evolution round proceeded ( Figure 5 ). The increase in the optical density during the first four rounds yielded 94% of the total increase ( Figure 5a ). We confirmed that the accumulated mutations were fixed every round as expected (the first four rounds in Table 1 ). We also found that the number of fixed mutation during this short adaptive period was about half of the total fixed mutations. This result was consistent with our hypothesis that these mutations contain adaptive mutations, whereas the rest of the mutations are nonadaptive and fixed subsequently by genetic drift due to small population F I G U R E 2 Schematic of the evolution experiment using compartmentalized culture. Standard 96-welled microplates (rectangles) were used to compartmentalize bacterial culture (four plates/lineage for the S lineage and one plate/lineage for the L-lineages). The central 60 wells in each microplate were used for bacterial culture, and the outermost wells were used for the sterile water as a blank. The grown culture was analyzed by a plate reader and the single well which exhibited the highest optical density was selected. The cell concentration of the selected culture was measured by a flow cytometer. The selected culture was diluted and transferred to the fresh medium (1 cell/well on average for the S-lineages and 1,000 cells/well for L-lineages) and incubated with shaking overnight (an incubation period of two days for the S-lineages and overnight for the Llineages). This operation was repeated for 14 rounds bottlenecks. The mutations fixed during the adaptive period varied in their functions from each other. In addition, these mutated genes were also very different in their functions from that of the population evolved in the long-term stationary phase reported previously . In contrast, the remarkable increase in the optical density was not observed in the first 10 rounds in the S4 lineage ( Figure 5b ). Thus, most of the fixed mutations in the S4 lineages are expected to be nonadaptive in the increase in carrying capacity and fixed by genetic drift. There were no identical mutations nor identical mutated genes between the S3 and S4 lineages. These results indicate that there are multiple mutations or multiple genetic functions, at least two that can increase the carrying capacity in the presence of low amount of histidine. We note that the multiplicity more than two requires additional lineages exhibiting the increased carrying capacity, which is beyond the current data set. We believe a novel high-throughput technique can break through our experimental limitation and expand this multiplicity in the future.
| DISCUSSION
In this study, we explored K-strategy evolution in histidine utilization. A mutator strain of E. coli auxotrophic for histidine was subjected to histidine-limited condition. The population was compartmentalized using a microplate and serially transferred in the presence of positive selective pressure on K-strategy for 14 rounds. Contrary to growth evolution in glucose limitation, histidine limitation was insufficient to enhance K-strategy evolution. We confirmed that K-strategy evolution in histidine utilization was enhanced when the number of cells per patch was less enough to eliminate undesired cells taking the r-strategy evolution. Whole genome sequencing showed functional variety in the mutated genes during the fitness-increasing period. These results suggest both an importance of the spatial structures and loose genetic constraints for improving carrying capacity in histidine utilization. Combined together, this study provides an empirical evidence supporting that K-strategy evolution on a sort of nutrients is restricted to a paucity of appropriate selection rather than a paucity of causal mutation.
| Significance of the current study on the generality of K-strategy evolution
The previous study showed the evolutionary improvement of the carrying capacity in low histidine concentrations through the long-term stationary phase of E. coli auxotrophic for histidine . However, the study unfortunately failed to remove the dead cells in the longterm stationary phase. A recent study showed that nutrients in the culture are supplied from the dead cells who exist in large numbers, and the bacterial growth was restricted by cell-to-cell interactions before the exhaustion of nutrients in such conditions (Takano et al., 2017) . These new findings suggest unclearness or complexity of selective pressure in the long-term stationary phase. Thus, the increase in the carrying capacity in such specific conditions could be nothing more than a by-product of evolution for other traits on which selections directly works. In contrast, the evolution experiment in the present study was designed to reduce such complexity. Selections in this evolution experiment act directly on the carrying capacity relative to the previous studies. The evolutionary improvement of the simpler conditions in the present study implies that the Kstrategy evolution could occur in wider or more ubiquitous conditions than previously expected. 
| Possible mechanisms to improve carrying capacity
There could be several mechanisms to improve the carrying capacity for histidine: by increasing growth yield or by uptake of the residual histidine. Some genomic mutations can contribute to these mechanisms. We found several mutations altering amino acid sequences in the genes in the S3 lineage. In particular, hisG, xylB, yhdA, kdgT, and aspC contained either frameshift mutations or nonsense mutations. Assuming that these mutations destruct the functions of the corresponding protein, how can these mutations improve the carrying capacity? The hisG gene (Alifano et al., 1996) , coding for ATP phosphoribosyltransferase, is an essential gene for histidine biosynthesis and required for survival under histidine depletion. However, Mut his is auxotrophic for histidine due to hisA deletion, and the significance of hisG is diminished. The expression of hisG is known to be upregulated in response to histidine depletion even though the downstream genes including hisA are deleted from the his operon (Murakami, Matsumoto, Tsuru, Ying, & Yomo, 2015) . Thus, the expressed HisG probably consumes ATP in futility to accumulate intermediates in histidine biosynthesis in Mut his . HisG is notorious as the principal causative factor of the energetically expensive process in histidine biosynthesis (Brenner & Ames, 1971; Winkler & Ramos-Montanez, 2009 ). Accordingly, the destructive mutation in the now redundant hisG might avoid wasting ATP and improve growth yield in histidine utilization. The yhdA gene codes for an RNase E specificity factor which promotes degradation of CsrB to regulate the expression level (Jonas, Tomenius, Romling, Georgellis, & Melefors, 2006; Suzuki, Babitzke, Kushner, & Romeo, 2006) . So, the destruction of yhdA increases the expression level of CsrB. CsrB is a small regulatory RNA mediating alteration in central carbon metabolism (Romeo, 1998) . Interestingly, the upregulation of CsrB increases growth yield by reducing wasteful overflow metabolism in carbon utilization (McKee et al., 2012) . The destructive mutation in yhdA might avoid histidine allocation to such wasteful metabolism. Histidine uptake is specifically mediated by hisPMQJ transporter (Ames, 1986) . Genomic mutations in the S3 and S4 lineages contained no mutations in these transporter genes and their transcription regulator at least. Nevertheless, the possibility remains that histidine uptake improved indirectly as a consequence of seemingly unrelated mutations and is shown in Tables 1 and 2 .
T A B L E 2 Mutations of the S4-lineage
| Advantage and disadvantage of containers with compartments in K-strategy evolution
Our evolutionary method could be applicable to facilitate Kstrategy evolution for various resources other than histidine.
Compartmentalization of a population is helpful to purge undesired cells taking the r-strategy in a population to promote improvement of carrying capacity as theoretically proposed (Kreft, 2004; Pfeiffer et al., 2001) . Combined the present study with Bachmann et al. (2013) , compartmentalization was empirically found to be important for improving carrying capacity in multiple conditions. Implementation of compartmentalization by using microplates proposed in this study has some technical advances compared with the previous method. First, microplates have an advantage on application for versatile resources relative to other compartmentalization methods based on vesicles such as water-oil emulsion (Bachmann et al., 2013) , because microplates tolerate various chemical compounds which are hard to be encapsulated in vesicles securely, such as fatty acids. Second, compartments of microplates are very stable and reproducible contrary to vesicles which are dynamically fused and divide at random and compartment size of the vesicles is hard to be controlled. This advantage would be helpful to obtain reliable experimental results. As showed in this study, the relatively small library size, which is a disadvantage of using microplates, could be compensated by using mutator strains. However, such compensation is so partial that genetic drift still affects evolutionary processes. For instance, the small library size not only fails to improve the carrying capacity, but also happens to provoke reduction in the carrying capacity as can be seen in the S7 lineage. In addition, the mutation accumulation without increasing the carrying capacity could alter different traits other than the carrying capacity. For instance, the mutations fixed in the S4 lineage during the first 10 rounds could reduce the growth rate eventually (Figure 4) . Thus, multiple lineages would be required as showed in this study.
| EXPERIMENTAL PROCEDURES
| Bacterial strains
Escherichia coli MDS42 (Posfai et al., 2006) and two mutant strains auxotrophic for histidine, MDS42∆hisA::gfpuv5-Km R and MDS42∆hisA::gfpuv5-Km R , ∆mutS::Cm R were used in this study. These strains were named Co, Co his , and Mut his , respectively. The Co his strain was constructed previously by deleting the hisA gene which is required for histidine biosynthesis. Mut his is a mutator strain and constructed in this study from Co his by deleting the mutS gene which is involved in the mismatch repair system (MMRS). The site-directed deletion was examined by standardized λ-red homologous recombination (Datsenko & Wanner, 2000) . The kanamycin resistance gene, Km R , and the chloramphenicol resistance gene, Cm R , were used as a selection marker for the construction. The gfpuv5 gene encoding a derivative of GFP was used to measure cell concentration by a flow cytometer. We constructed a plasmid which is composed of the Cm R gene flanked by the homologous sequences around the mutS locus on the genome as follows (Supporting information Figure S1 ). The DH5α strain was used for the plasmid construction. The mutS gene was amplified by PCR from the genome of Co his with two primers, mutS-seq1-fw and mutS-seq6-re. The obtained fragment, the mutS fragment, consists of the mutS gene and its upstream (152 bp) and downstream (372 bp) regions. Next, the upstream region was amplified by PCR, as the mutS-u fragment, from the mutS fragment with two primers mutSseq1-fw and Front-mutS-r. The downstream region was also amplified by PCR, as the mutS-d fragment, from the mutS fragment with two primers Rear-mutS-f and mutS-seq6-re. Then, we amplified a linearized DNA fragment from the pUC19 plasmid by PCR with two primers, pUC19-mutS-f and pUC19-mutS-r. The fragment consists of ori and the ampicillin-resistant gene, bla, flanked by the 20 bp homologous sequences to either 5′ ends of the mutS-u fragment or 3′ ends of the mutS-d fragment. In addition, the Cm R gene was amplified by PCR from the pKD32 plasmid with two primers, mutS-del-f and mutS-del-r. These primers have 37 bp homologous sequences to the 5′ and 3′ ends of the mutS gene, included in the mutS-d fragment and the mutS-u fragment, respectively. These fragments, the linearized pUC19 fragment, the mutS-u fragment, the mutSd fragment, and the pKD32-derived Cm R fragment, were connected by using In-Fusion HD Cloning Kit (Takara Bio Inc., Shiga, Japan) to generate the pUC-Cm-mutSarm plasmid. Using this plasmid as template, Cm R with long arms homologous to the mutS locus, 189 bp and 409 bp, was amplified by PCR with mutS-seq1-fw and mutS-seq6-re. The amplified fragment was used in homologous recombination to delete the mutS gene of Co his . The obtained recombinant was Mut his .
| Medium
For the construction of bacterial stains, we used LB, SOB, and SOC medium, supplemented with appropriate antibiotics (25 μg/ml kanamycin, 30 μg/ml chloramphenicol, 50 μg/ ml ampicillin) when necessary to select transformants. These media were used properly depending on the purpose as detailed previously (Datsenko & Wanner, 2000) . We used mM63 synthetic medium as a base medium for evolution experiments and measurements of the rates of mutation and growth, where histidine was supplemented as necessary.
| Measurement of Nal
R mutation rate
The mutation rate to resistance to nalidixic acid, Nal R , was obtained by fluctuation tests. The bacterial strains were inoculated from the frozen stocks to 5 ml mM63 medium supplemented with 0.4 mM histidine in test tubes and incubated at 37°C for 24 hr by shaking. The grown cultures were analyzed by a flow cytometer to measure the cell concentrations and inoculated to the same sterile medium (20 test tubes) so as to be 10 2 cells/ml. The 20 independent cultures were shaken at 37°C for 24 hr. The grown cultures were centrifuged at 5,530 g for 5 min at room temperature. The pellets in each test tube were spread on each LB agar plate supplemented with 80 μg/mL nalidixic acid. These plates were placed at 37°C for 2 days, and the appeared colonies were counted. The Nal R mutation rate, Nal R mutations per replication, was calculated using the MSS maximum likelihood method (Sarkar, Ma, & Sandri, 1992) .
| Evolutionary experiment
We conducted evolution experiments with two different population bottlenecks. The experimental lineages with a small population bottleneck (a single or few cells) were named the S-lineages, and those with large bottlenecks (thousands of cells) were named the L-lineages, respectively. For all lineages, the frozen stocks of Mut his were suspended in mM63. During the initial rounds, the cell suspensions were used as parental cultures for the subsequent rounds. In each round, the cell concentrations of the parental cultures were obtained by a flow cytometer. The cultures were diluted with mM63 supplemented with 50 μM histidine such that there were 10 cells/ml for the S-lineages and 10,000 cells/ ml for the L-lineages. The diluted cell suspensions were transferred to 96-well microplates (4 and 1 plates/lineage for S-and L-lineages, respectively) to compartmentalize the bacterial culture (100 μL/well). To avoid edge effects, the central 60 wells in each microplate were assigned for bacterial culture, and the 36 outermost wells were used for the sterile water to be used as a blank. The microplates were sealed and shaken in a plate incubator (MBR-022UP, Taitec Corporation, Saitama, Japan) at 37°C for 24 hr or 48 hr for L-and S-lineages, respectively. The optical density at 595 nm (OD 595 ) was measured by a plate reader (Infinite F200 PRO, Tecan, Männedorf, Switzerland). The single wells that exhibited the highest values of OD 595 within each lineage were used as parental cultures for the subsequent rounds. These operations were repeated for 14 rounds.
| Measurement of cell concentration
Overnight bacterial cultures were diluted with mM63, typically 1,000-fold. The cell suspensions were mixed with the fluorescence beads (3 μm Fluoresbrite YG Microspheres, Polysciences, Philadelphia, USA) of known concentrations before analysis by a flow cytometer (FACS Canto II, Becton, Dickinson and Company, New Jersey, USA) equipped with a 488-nm sapphire laser. Total 10,000 events were recorded per sample. Red fluorescence collected by two channels (695/40 nm and 670 nm emission filters, respectively) was used to distinguish the beads from the other particles. Green fluorescence from GFP expressed in bacterial cells, collected through 530/30 nm emission filter, and the forward scattering were used to distinguish the cells from the other debris. The cell concentration was calculated from the number of cells, the number of beads, the volume ratio of the beads solution to the cell suspensions, and the concentrations of the beads solution before mix.
| Measurement of growth curves
The bacterial cells were inoculated from the frozen stocks to 0.1 ml of mM63 supplemented with 50 μM histidine in a 96-welled microplates and shaken in a plate incubator (MBR-022UP, Taitec Corporation, Saitama, Japan) at 37°C for 24 hr. The grown cultures were analyzed by the flow cytometer to measure the cell concentrations. The cultures were diluted with mM63 supplemented with 50 μM histidine to 10 cells/ml for the S-lineages and 10,000 cells/ ml for the L-lineages. The dilutions were transferred to 96-welled microplates (100 μl/well, central 20-30 wells/ lineage, 2-3 lineage/plate). The 36 outermost wells were filled with sterile water (100 μL/well) as a blank. The microplates were sealed and incubated in the plate reader with shaking at 37°C for 48 hr. The optical density at 595 nm (OD 595 ) was obtained every 15 min. The growth curves were obtained after blank subtraction. The maximum growth rates were calculated from the data above the detection limit (0.01) and below the late logarithmic phase (half of the maximum optical density of the growth curve) as shown in Figure 1 . We used Student's t test for growth rate, where the significance level was adjusted according to the BH procedure (Benjamini & Hochberg, 1995) so that FDR (false discovery rate) cutoff was 0.05.
| Whole genome sequencing
Genomic DNA was extracted using Wizard Genomic DNA Purification Kits (Promega Corporation, Wisconsin, USA) in accordance with the instruction protocol. DNA libraries for paired-end sequencing (2 × 300 bp) were prepared using Nextera v3 technology. We carried out multiplex analysis (24 plex) using a MiSeq Reagent Kit v3 and 600 cycles (Illumina, Inc., California, USA) with Illumina MiSeq Desktop Sequencer (Illumina, Inc., San Diego, CA, USA) according to the manufacturer's manual. The sequence reads were mapped onto the reference genome of E. coli MDS42 (accession: AP012306, the origin of NC_020518, GI: 471332236). We used breseq version 0.30.0 (Deatherage & Barrick, 2014) with R version 3.2.3 (Ihaka & Gentleman, 1996) and bowtie2 version 2.2.6 (Langmead & Salzberg, 2012) to call mutations. Genetic changes during the experiment were identified by searching for discrepancies between breseq outputs of the samples before and after 14-round serial propagation.
